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INTRODUCTION
The abdominal aortic aneurysm (AAA) is a common vascular disease characterized by a localized ballooning or dilation of the abdominal section of the aorta, often as a result of a localized weakness in the vessel wall (Crawford et al. 2003) . Depending on the age group, AAAs are estimated to occur in 1.3% to 12.5% of men and up to 5.2% of women, with prevalence rising in older age groups (Go et al. 2013) . The leading cause of AAAinduced death is severe internal bleeding after a sudden rupture of the vessel wall within the sac of the aneurysm.
Even with immediate medical attention, more than 85% of ruptured AAAs eventually prove fatal, and approximately half of those afflicted die even before reaching the hospital (Forsdahl et al. 2009; Patterson et al. 2008 ). In the developed world, ruptured AAAs are a leading cause of death in males 65-85 years old and are responsible for up to 2% of deaths in the entire population (Sakalihasan et al. 2005; Urbonavicius et al. 2008) , including more than 10,000 deaths annually in the United States (Murphy et al. 2013) , as well as more than 7000 deaths annually in England and Wales (Stather et al. 2013) .
Abdominal aortic aneurysms are typically diagnosed with non-invasive imaging modalities such as magnetic resonance imaging (MRI), computed tomography (CT) and 2-D ultrasound B-mode imaging (Crawford et al. 2003; Sakalihasan et al. 2005) . However, screening for AAAs is challenging, because most patients are asymptomatic until the aneurysm ruptures (Patterson et al. 2008; Sakalihasan et al. 2005 ) and relatively few definitive risk factors have been identified (Crawford et al. 2003; Manning et al. 2002) . As a result, only the United States, United Kingdom and Sweden have implemented standardized AAA screening procedures nationally (Stather et al. 2013) . Moreover, even when an AAA is detected, the options for treating it are currently open surgery and endovascular repair (Brewster et al. 2003) . Both procedures only performed only when the risk of AAA rupture is deemed to be greater than the risk of mortality from post-operative complications (Patterson et al. 2008) , which is especially significant in the case of open surgery (Manning et al. 2002) . The metric that is currently used for assessing risk of AAA rupture is the maximum transverse diameter of the aneurysm (Stather et al. 2013; Urbonavicius et al. 2008) . Unfortunately, this criterion is a poor predictor of the actual likelihood of rupture (Brewster et al. 2003; Choksy et al. 1999; Vorp et al. 1998 ) and does not have a sound physical or theoretical basis (Allison et al. 2008; McGloughlin and Doyle 2010) . This means that currently, many small AAAs that are deemed too small to treat end up rupturing regardless, and several patients with large but stable AAAs are subjected to unnecessary surgery.
A better means of assessing rupture risk is to measure localized changes in the material and mechanical properties of the vessel. Such parameters play a greater role than diameter in determining whether or not a rupture occurs, notably because their values change depending on the amounts of collagen and elastin present in the vessel wall (Haskett et al. 2010; Lasheras 2007) . In particular, multiple clinical studies have established that arterial stiffness as a biomarker of all-cause and cardiovascular disease-related mortality (Adji et al. 2011; Hamilton et al. 2007; Zoungas and Asmar 2007) . In the clinic, carotid-femoral pulse wave velocity (PWV) is currently the gold standard metric of arterial stiffness (Nemes et al. 2011; Laurent et al. 2006; Sutton-Tyrrell et al. 2005) . Every cardiac cycle, the ejection of blood from the left ventricle of the heart sends a pulse wave propagating throughout the arterial tree, which gives rise to the natural pulsation of the arteries and induces a displacement wave in the vessel walls (Fung 1996) . The velocity of this wave, that is, the PWV, is mathematically linked to the radial stiffness of the vessel via the MoensKorteweg equation (Korteweg 1878; Moens 1877) , which is derived from Newton's second law and states that the Young's modulus of the vessel wall is proportional to the square of the PWV (under certain simplifying assumptions, including a homogeneous, perfectly cylindrical vessel, as well as small wall displacements relative to the baseline vessel diameter). As with arterial stiffness, PWV has been found to be an effective biomarker for several diseases, particularly in hypertensive patients (Lehmann 1999; Mitchell 2009 ).
Various methods have been used to image pulse wave propagation, including pressure catheterization (Segers et al. 2005) , phase contrast magnetic resonance imaging (MRI) (Kraft et al. 2001; Macgowan et al. 2002) and pulsed Doppler imaging (Hartley et al. 1997; Eriksson et al. 2002; Rabben et al. 2004) . The most common method is applanation tonometry (Laurent et al. 2006; Lehmann 1999) , in which PWV is computed by measuring the time delay between the pulse pressure waveforms at two different points in the circulation (typically the carotid and femoral arteries) and dividing the estimated distance between these two points by the measured time delay. However, because this technique provides only an average global PWV and can be affected substantially by variations in the estimated arterial path length (Sugawara et al. 2010) , it is unsuitable for measuring highly localized changes in stiffness that would indicate the onset of an aneurysm.
Pulse wave imaging (PWI) is a non-invasive, ultrasound-based technique for visualizing and tracking the propagation of pulse waves along the arterial wall at high spatial and temporal resolutions. PWI has been validated in silico using simulations (Shahmirzadi and Konofagou 2012) , in vitro using phantoms Vappou et al. 2010) , ex vivo with canine aorta , in vivo with mice Luo et al. 2009; Pernot et al. 2007 ) and clinically in humans Luo et al. 2012 ). The high resolution of PWI means that it can provide localized maps of PWV, thereby allowing for the identification of subtle changes in the pulse wave propagation patterns, as well as regional variations in vessel wall stiffness. This capability could allow PWI to identify emerging abnormalities in the vessel that act as precursors to aneurysm formation and are not visible or easily detectable with standard imaging modalities such as ultrasound B-modes.
The objective of this study was to investigate the feasibility of using PWI to monitor and stage the progression of AAAs in vivo. To this end, a murine model of gradual AAA development based on the infusion of angiotensin II in ApoE/TIMP-1 knockout mice was used in this study (Lemaître 2002; Luo et al. 2009; Manning et al. 2002) . Although PWI can be applied in humans, using a murine model enables disease progression to be monitored over its entire duration at many closely spaced time points. Additional advantages of murine aneurysms for the purposes of this study are that they can be instigated in a controlled fashion, require significantly less time to develop (several weeks in mice compared with years in humans) and can be imaged at higher resolutions (because the required imaging depth is smaller in mice, there is less attenuation, and hence higher frequencies and frame rates can be used). In the murine angiotensin II AAA model, three distinct phases of disease progression can be observed: first, the appearance of a fissure in the aortic wall; second, the development of the aneurysm with a sac and possibly an intraluminal thrombus (Thubrikar et al. 2003; Wilson et al. 2013) , usually in the anterior wall near the superior mesenteric or coeliac arteries (Lemaître 2002; Manning et al. 2002) ; and third, the rupture of the aneurysm. In the existing literature (de Prophetis et al. 1959; Klevay 2000) , aneurysms are typically defined as a localized increase of $50% in the inner diameter of the vessel, whereas the terms fissure and rupture refer to an opening in the vessel wall in a region that eventually develops an aneurysm (fissure) or previously contained an aneurysm (rupture). Previous work by Luo et al. (2009) indicated the feasibility of using PWI to distinguish normal aortas from aneurysmal aortas qualitatively in the murine AAA model, but did not examine the progression of the disease between the administration of angiotensin II and the appearance of aneurysms. Hence, this study assessed the capability of PWI to distinguish between all four possible stages of the murine aorta throughout AAA disease progression: normal, fissured, aneurysmal and ruptured.
METHODS

Animal model
All procedures performed in this study were approved by the Institutional Animal Care and Use Committee (IACUC) of Columbia University (Protocol AC-AAAG4951). Eighteen (N 5 18) male ApoE/TIMP-1 knockout mice were infused with angiotensin II (A9525, Sigma-Aldrich, St. Louis, MO, USA) for 30 days via subcutaneously implanted osmotic pumps (Alzet Model 2004, Durect, Cupertino, CA, USA) . Seven (N 5 7) of the mice received a baseline dose of 2.2 mg/kg/day (milligrams of angiotensin II per kilogram of body mass per day), whereas the other 11 (N 5 11) mice were given a double dose of 4.4 mg/kg/day. This animal model has been employed previously by other studies (Lemaître 2002; Luo et al. 2009; Manning et al. 2002) , although the angiotensin II dose used in other works is typically only 1.44 mg/kg/day. In this study, higher doses were used to instigate more rupture events, which occur less frequently at standard dosage levels.
Setup
Figure 1 is a block diagram of the PWI setup. All imaging was done using a Vevo 770 ultrasound imager (VisualSonics, Toronto, ON, Canada). Imaging was performed over a 12 3 12-mm field of view using an RMV-707B single-element probe, which had a focal length of 12.7 mm, a center frequency of 30 MHz, a -3-dB bandwidth of 15-45 MHz, an axial resolution of 55 mm and a lateral resolution of 115 mm.
During imaging, each mouse was anesthetized with a mixture of 2% isoflurane (AErrane, Baxter Healthcare, Deerfield, IL, USA) and pure oxygen (Tech Air, White Plains, NY, USA), administered via inhalation using an isoflurane vaporizer (Model 100, SurgiVet, Waukesha, WI, USA). The mouse was then placed in a supine position on a heated platform to maintain its body temperature at approximately 37 C. The hair over the areas being imaged was removed with a shaver and depilatory cream. Degassed ultrasound gel (Aquasonic 100, Parker Laboratories, Fairfield, NJ, USA) was used as a coupling medium; care was exercised to avoid the formation of air bubbles in the gel.
Throughout the acquisition, the electrocardiogram (ECG) for each mouse was monitored with a THM-100 
Imaging protocol
Prior to each PWI acquisition, blood flow was measured at two points in the middle of the lumen using the pulse wave (PW) Doppler mode of the Vevo 770. PW Doppler measurements were also recorded within the sacs of aneurysms, as well as in the region surrounding the vessel wall at the sites of ruptures (i.e., at locations where an aneurysm had previously existed), as illustrated in Figure 2 . All PW Doppler measurements were performed at a pulse repetition frequency (PRF) of 20 kHz and an incidence angle of 45 . Pulse wave image acquisitions for all mice were performed in the suprarenal section of the abdominal aorta. The Vevo 770 was operated in the manufacturer's ECGgated kilohertz visualization (EKV) mode, in which the transducer is placed at a fixed lateral position and RF signals are acquired at a PRF of 8 kHz over several cardiac cycles. Each RF line is then co-registered with an R-wave (peak) in the ECG signal. Those RF lines that are closest in time to their respective peaks may be used to form the first frame (t 5 0); similarly, the RF lines that immediately follow may be used to form the second frame (t 5 125 ms, i.e., the pulse repetition period), and so on for subsequent frames (t 5 250 ms, 375 ms, etc.). This process is repeated at successive lateral positions spaced 62.5 mm apart (less than the lateral resolution of the transducer) until the entire 12-mm field of view is covered. The lateral movement of the transducer during this process is controlled by an actuator within the body of the transducer (the transducer assembly itself does not move). An ECG-gated cine loop of the aorta over an entire cardiac cycle was thus obtained for each acquisition. Because RF lines were acquired over several cardiac cycles at each position, the RF lines used to form the cine loop were chosen to minimize lateral misalignment and give the clearest B-mode image.
For each mouse, PWI was performed 1 d prior to infusion as a control and every 2-3 d thereafter for 30 d, after which the mouse was sacrificed.
Disease staging and classification
As mentioned previously, there are four possible stages of disease progression in the murine angiotensin II AAA model: normal, fissured, aneurysmal and ruptured (Thubrikar et al. 2003; Wilson et al. 2013) . In this study, each acquisition was classified into one of these four stages based on the associated B-mode image. An aneurysm was deemed to have occurred if there was a localized increase of $50% in the inner diameter of the vessel (de Prophetis et al. 1959; Klevay 2000) , whereas a fissure or rupture was defined as an opening in the vessel wall in a region that eventually developed an aneurysm (fissure) or previously contained an aneurysm (rupture). In Figure 2 are representative examples of B-modes associated with each disease stage. Note that the fissure classification can be applied only retroactively, once an aneurysm has formed at the same site.
Two additional techniques were used to verify the Bmode-based classifications for some of the acquisitions. First, at sites that appeared to contain fissures and ruptures, PW Doppler measurements of blood flow were recorded just outside the vessel wall, as illustrated in Figure 2 . Second, for mice that survived the full 30 days of the study, histology was performed on the aorta shortly after the last acquisition. For these mice, the abdominal section of the aorta (from the diaphragm to just before the bifurcation) was removed, cleaned and fixed in 4% (w/v) formaldehyde within the first hour after euthanasia. The fixed tissue was then embedded in paraffin and sectioned at a thickness of 10 mm. Several Fig. 2 . B-Mode images of each phase of abdominal aortic aneurysm (AAA) disease progression in the same mouse: (a) a normal aorta at day 0 (the day before angiotensin II infusion), (b) a fissure at day 7, (c) an aneurysm at day 13, (d) a rupture at day 18. The locations of the fissure, aneurysm and rupture are indicated with circles. Pulse wave Doppler measurements were also made immediately outside the vessel wall in the case of the fissure and the ruptures and within the sac of the aneurysm (approximately within the top halves of the circles overlaid on the B-modes). The lateral position axes start at different offsets to align the fields of view to the same anatomical landmarks; doing this shows that in the latter three images, the abnormalities corresponding to each disease stage (fissure, aneurysm and rupture) all appear around 8 mm.
sections per tissue sample were stained with hematoxylin and eosin (H&E) and visualized with an inverted microscope (IX-81, Olympus, Melville, NY, USA).
Displacement estimation
All data were processed using MATLAB R2013a (The MathWorks, Natick, MA, USA). Because the vessel walls were oriented as parallel to transducer as possible, axial displacement alone was found to be sufficient to track the pulse waves in all cases. Axial displacement estimation was performed using a fast algorithm based on 1-D normalized cross-correlation, described in detail elsewhere . The correlation window size was set to 431 mm, which is approximately 7 acoustic wavelengths; according to previous studies (Luo et al. 2009; Walker and Trahey 1995) , window lengths between 5 and 10 wavelengths tend to produce displacements of optimal quality. The offset between successive windows was 7.7 mm, that is, exactly one sample (the smallest possible value). The estimated displacements were considered to be of acceptable quality if their associated correlation coefficients were at least 0.9.
The resulting axial wall displacements were normalized by multiplying them by the frame rate (8 kHz) and were then filtered in several steps. First, the effects of false peaks and jitter (Walker and Trahey 1995) were compensated for by applying a 30 mm/s threshold to the wall velocities, which is equivalent to half a sample of displacement between two consecutive frames. Second, rigid body motion in each line (caused mainly by respiration) was corrected for by subtracting the mean wall displacement over a 1-mm stationary segment at least 3 mm clear of the aorta, closer to the ventral end of the mouse (i.e., between the transducer and the aorta). Third, spatial noise such as misaligned lines and peak hopping errors were mitigated with a 5-point (575 mm) median filter. Finally, high-frequency spatial and temporal noise was reduced using a first-order Savitzky-Golay smoothing filter with a 2-D kernel size of 15 spatial points (1.725 mm) by 15 temporal points (1.875 ms). This filter type was chosen because it tends to preserve the location of local maxima and minima (Savitzky and Golay 1964) , which are important features for the pulse wave tracking technique described in the next section.
Pulse wave tracking
To track the pulse wave, the peak of the wall displacement profile at each spatial location was found by determining the time at which the maximum wall displacement occurred (Chiu et al. 1991; Li et al. 2013; Luo et al. 2009) . The foot was then defined as the time of occurrence of the smallest wall displacement before the peak. Finally, the 50% upstroke point was defined as the time between the foot and the peak at which the wall displacement was closest to the average of its values at the foot and peak Luo et al. 2009 ).
Plotting the 50% upstroke times along the length of the vessel wall (which was manually traced for each case using the first B-mode frame) and performing a linear regression on these time-distance pairs yield the PWV. The coefficient of determination, r 2 , for this regression indicates how uniform the velocity of the pulse wave is over the wall segment that is being imaged.
In the animal model used in this study, aneurysms form only on the anterior side of the aorta (the top wall in all figures herein), typically near the superior mesenteric or coeliac arteries (Lemaître 2002; Manning et al. 2002) . For this reason, only the anterior wall was studied with PWI in this study.
RESULTS
Example case history for a single subject
A total of 142 PWI acquisitions (n 5 142) were performed in 18 mice (N 5 18). However, before discussing the complete set of results, it is helpful to examine the case history of a single mouse by way of example. The mouse chosen for this analysis received 4.4 mg/kg/day angiotensin II and was imaged in all four disease progression stages: normal on day 0 (the day before angiotensin II infusion), fissured on day 7, aneurysmal on day 13 and ruptured on day 18. Figure 3 comprises four sequences of still frames from the PWI cine loops corresponding to each of the aforementioned disease stages and time points. Each sequence contains three frames that illustrate the pulse wave entering (left), crossing (middle) and exiting (right) the field of view (see also Supplemental Video 1). The arrows indicate the location of the 50% upstroke point of the wave, whereas the overlay indicates displacement at the moment that the frame was captured. In each case, the lower and upper limits of the displacement color scale correspond respectively to the displacements at the foot and peak of the pulse wave.
In Figure 4 are the spatiotemporal displacement maps along the anterior (top) walls of the vessels for the sequences in Figure 3 . The 50% upstroke markers, as well as the piecewise linear regressions on these markers, are superimposed on the spatiotemporal plots, along with the pulse wave velocities (the slopes of the lines), as well as the coefficients of determination (r 2 ) of the linear regressions.
Comparison of the respective PWI sequences in Figure 3 and the spatiotemporal maps in Figure 4 indicates that there are qualitative differences in the pulse wave propagation pattern associated with each disease 2408 Ultrasound in Medicine and Biology Volume 40, Number 10, 2014 stage. In the normal aorta (Figs. 3a and 4a) , the wave propagation is smooth and the PWV is relatively constant, as observed in previous work Luo et al. 2009; Pernot et al. 2007) . At the site of the fissure (Figs. 3b and 4b ), high displacements directed outward from the lumen and with no discernible wave pattern (r 2 5 0.06) can be observed throughout the cardiac cycle; this is indicative of outward blood flow at the fissure site. In the aneurysm that developed 6 d later in the same location (Figs. 3c  and 4c ), there is a marked decrease in displacement in the sac of the aneurysm compared with the normal vessel on either side; this pattern also agrees with observations in previous work (Luo et al. 2009 ). Finally, the rupture 5 days later (Figs. 3d and 4d ) exhibits a pattern similar to that of the fissure, with a high-displacement region at the rupture site and no discernible wave (r 2 5 0.09). This example case therefore suggests that the aforementioned patterns of pulse wave propagation can be used to stage AAA development in this disease model, at least in a qualitative sense. This is indeed confirmed by the remainder of the results: similar patterns were observed in all of the other PWI acquisitions at each of Fig. 3 . Examples of pulse wave propagation visualized with pulsed wave imaging (PWI) (B-mode frames overlaid with wall displacement) as the wave enters (left), crosses (middle) and exits (right) the field of view in (a) the normal aorta, (b) the fissure, (c) the aneurysm and (d) the rupture shown in Figure 2 . The time index indicates the time elapsed since the start of the cardiac cycle (i.e., the R-wave of the electrocardiogram). The arrow in each frame indicates the location of the 50% upstroke point of the pulse wave, which is used to track the wave and calculate its velocity. As in Figure 2 , the lateral position axes start at different offsets to align the fields of view to the same anatomical landmarks. The full pulse wave imaging cine loops for these cases are provided in Supplemental Video 1.
the four AAA disease stages. Furthermore, in cases where the fissure or rupture was apparent on the B-mode during imaging (including the example case shown here), anglecorrected PW Doppler measurements indicated flow velocities of up to 40 cm/s at the site of the fissure or rupture, suggesting a high degree of blood leakage out of the vessel. Figure 5 illustrates the mean and standard deviation of PWV (Fig. 5a ) and r 2 (Fig. 5b ) in all PWI acquisitions, by disease stage. The fissure and rupture classifications are omitted from the PWV graph because the low value of r 2 for these disease stages indicates that there is no pulse wave to track at the sites of these abnormalities, which implies that it is not meaningful to define a ''pulse wave velocity'' in these cases. As illustrated in Figure 5a , PWV is on average 45% lower in aneurysms (1.6 6 0.6 m/s, n 5 30 acquisitions in N 5 10 mice) than in normal aortas (2.8 6 0.9 m/s, n 5 100, N 5 18). Similarly, Figure 5b illustrates that r 2 is highest in normal vessels (0.89 6 0.11), lower in aneurysms Significance levels as computed by the Kolmogorov-Smirnov test are also provided on both graphs in Figure 5 . It can be seen that almost all pairs of categories are significant relative to one another, with a p-value , 0.001; the sole exception is the fissures and ruptures pair, which displays a high degree of statistical similarity (p 5 0.87). The Kolmogorov-Smirnov test was used instead of a standard Student t-test because the former can accommodate parameters with a non-normal cumulative distribution function. This is the case for both PWV and r 2 because the ranges of these parameters are limited: PWV cannot be negative for a forwardpropagating pulse wave (it is negative for a reflected wave, but in this study reflected waves were ignored), and r 2 must range between 0 and 1. In all cases, the Kolmogorov-Smirnov test returned higher p-values than the unpaired, two-sided Student t-test, indicating that the former test provides a stricter measure of significance than the latter.
Statistical analysis
Histology
In Figure 6 are examples of H&E-stained transverse sections of the aorta from a normal vessel (Fig. 6a ) and an aneurysm (Fig. 6b) and at the site of a rupture (Fig. 6c and close-up in Fig. 6d ). Each sample was selected from a different mouse, with the rupture sample coming from the same mouse whose case history was examined in the previous section. No histology is shown for fissures because, under the definition used in this study, this designation can be applied only retroactively once an aneurysm has been observed at the same site. It should also be noted that the length scales in Figure 6 do not correspond to the dimensions in vivo; this is because the fixation process tends to shrink tissue and because the aorta is no longer under tension or intraluminal pressure once it has been excised.
In the normal vessel (Fig. 6a) , the wall was found to be uniform and free of degradation. In contrast, there was visible degradation in the wall of the sac in the aneurysmal case (Fig. 6b) , as well as a breach in the wall of the ruptured aorta ( Fig. 6c and 6d ). In total, histology was performed on 11 of the 18 mice (the other 7 mice died in between experimental time points; in these instances, the aorta could not be excised and preserved in time). Similar observations were made in all of these mice, with the histology in each case corresponding to the last observed disease stage (normal, aneurysmal or ruptured) before the mouse was sacrificed. 
DISCUSSION
The primary objective of this study was to assess the capability of PWI to distinguish between the four stages of disease progression in the murine angiotensin II AAA model: normal, fissured, aneurysmal and ruptured. Although not all animals necessarily underwent all four of these stages (either because the disease did not progress far enough or because the stage occurred between acquisitions), the results in Figures 3-5 indicate that PWI can be used to identify and differentiate each stage from the others. Figures 3 and 4 illustrate that the pulse wave pattern changes qualitatively as the aneurysm progresses through these four stages. In normal vessels, the wave propagates at a constant velocity; in AAA sacs, the wave amplitude is significantly reduced; and in fissures and ruptures, the pulse wave is absent and is replaced by high-amplitude displacements. As Figures 3 and 4 illustrate, these patterns are easily distinguished using either PWI cine loops (Fig. 3) or spatiotemporal displacement maps along the vessel wall (Fig. 4) .
In addition to the aforementioned qualitative disease markers, Figure 5 illustrates that PWI can also be used to distinguish stages of aneurysm development quantitatively by tracking changes in the velocity of the pulse wave (PWV) as well as its coefficient of determination (r 2 ). Figure 5a indicates that the PWV is significantly higher in normal aortas than in aneurysms, whereas according to Figure 5b , r 2 is highest in normal vessels, significantly lower in aneurysms and lowest in fissures and ruptures (,0.20) . These results indicate that PWI provides an effective means of monitoring the progression of murine AAAs, and that it is possible to identify the stage of AAA disease using both qualitative features and quantitative parameters associated with pulse wave propagation.
For normal aortas, the high r 2 values and the range of PWVs obtained (2.8 6 0.9 m/s) are consistent with the literature (Hartley et al. 1997; Wang et al. 2000; Williams et al. 2007) . The lower values of r 2 in aneurysms imply that the composition of the sac walls is less homogeneous than that of the walls of normal vessels, which also agrees well with other studies (Challa and Han 2007; Collins et al. 2011; Genovese et al. 2012) . However, the decrease in PWV observed within the aneurysms differs from most studies, which in their majority report increased PWV in the sac wall for both murine (Barisione et al. 2006; Fujikura et al. 2007 ) and human (Volokh and Vorp 2008) aneurysms, although some studies have found that the vessel walls of human aneurysms can also soften under certain conditions (Long et al. 2004; Vorp et al. 1996) . The discrepancy may be caused by the increased dose of angiotensin II; as mentioned previously, the dose was set up to three times higher in this study than what has typically been reported in the literature, in order to increase the probability of fissure and rupture events. The higher dose of angiotensin II would likely have degraded the walls of the aortas faster than usual, preventing them from remodeling and stiffening as they might have under a normal dose. Moreover, the accelerated degradation of the vessel would likely have increased the presence of wall remnants and blood clots in the lumen, which may in turn have contributed to the formation of a larger and stiffer thrombus in the aneurysm sac. This would explain the observed reduction in displacement in the aneurysm sacs, because the presence of a thrombus has been found to decrease the pressure transmitted to the vessel wall (Thubrikar et al. 2003) . In future studies, mechanical testing of the aneurysm sacs could be used to test these proposed explanations.
The high displacements directed out of the lumen at fissure and rupture sites ( Fig. 4b and 4d ) are indicative of blood leakage through gaps in the vessel wall. This explanation is corroborated by the PW Doppler measurements, which as mentioned previously indicated flow rates of up to 40 cm/s at the sites of fissures and ruptures in cases where these abnormalities were visible on the B-mode during imaging. Hence, the blood leaking out of the lumen likely causes high displacements to appear in the surrounding tissue because its rate of flow is an order of magnitude faster than tissue motion (up to 40 cm/s for the blood compared with at most 10 mm/s for tissue). This explanation is also consistent with the low values of r 2 at the sites of these abnormalities, as a fissure or rupture in the vessel wall would mean that there is no pulse wave to track in the intervening space. The fact that fissures and ruptures appear similar both qualitatively (identical displacement patterns in Fig. 4b and 4d ) and quantitatively (p-value of 0.87 in Fig. 5b ) also agrees with these events being the same from a physical perspective, with the only difference being that the former is defined as occurring before an aneurysm forms and the latter is defined as occurring afterward. Finally, it should be noted that in some cases, the presence of the fissure or rupture was not readily apparent on the B-mode and was only revealed using PWI. This indicates that PWI can provide information complementary to that provided by standard B-mode monitoring of aneurysms, while being based on essentially the same acquired signals.
As mentioned previously, although PWI has been successfully applied in humans Luo et al. 2012) , in this work murine aneurysms were studied as a proxy for human aneurysms principally to enable monitoring AAA disease progression over its entire duration and at many closely spaced time points, in addition to several other key advantages (the ability to instigate aneurysms in a controlled fashion, considerably shorter AAA development time and higher 2412 Ultrasound in Medicine and Biology Volume 40, Number 10, 2014 spatial and temporal resolutions). However, although there are similarities between murine angiotensin II and human aneurysms from the perspective of PWI alone, the mechanisms that underlie the formation of these aneurysms are different: human AAAs tend to form as a result of gradual, localized wall degradation and typically do not involve fissures in the aortic wall. Hence, although the indicators that precede aneurysm formation in the murine AAA model are those associated with a fissure (high displacements and low r 2 ), the analogous indicators in humans will be entirely different. Aneurysm formation in humans would most likely be preceded by a localized change in peak displacement, PWV and r 2 , all of which would correspond to a local change in wall stiffness as the extracellular matrix of the vessel would begin to degrade. Nevertheless, the present work has important implications for the clinical use of PWI in that it indicates that PWI can detect subtle indicators of aneurysm formation in vivo, and also suggests analogous features to look for in humans. Notably, the pulse wave patterns for normal and aneurysmal human aortas observed by Li et al. (2013) are similar to those presented here for mice (lower displacement in the wall of the sac and lower r 2 ). Ultimately, longitudinal clinical studies of PWI monitoring are needed to determine the precise indicators that precede aneurysm formation and, thus, monitor the progression of AAA disease in humans.
CONCLUSIONS
This study indicates that PWI can be used to stage the progress of AAA disease in a murine model by differentiating normal aortas from those with fissures, aneurysms and ruptures. PWV was constant in normal aortas (2.8 6 0.9 m/s, r 2 5 0.89 6 0.11), owing to the relatively homogeneous composition of these vessels. In AAA sacs, the wave speeds were 45% lower (1.6 6 0.6 m/s) and exhibited more variability (r 2 5 0.66 6 0.23). Moreover, the wall displacements induced by the pulse waves were at least 80% lower within the sacs compared with the surrounding vessel. Finally, at the sites of fissures and ruptured AAAs, higher PWI wall displacements directed outward from the lumen and with no discernible wave pattern (r 2 , 0.20) were observed throughout the cardiac cycle.
The findings of this study indicate that PWI could potentially be used to monitor the growth and propensity for rupture of human aneurysms by supplying information complementary to that provided by standard B-mode imaging.
